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Predictive models are developed for the temperature at the top at the edge of type 1(&dddy
localized modgH-mode(high-confinement modelasmas. Theory-motivated models are used for

the pedestal width and pressure gradient, while the pedestal density is obtained from experimental
data in this study. The pedestal pressure gradient is assumed to be limited by the ballooning mode
instability and is expressed in terms of the magnetic shear and geometrical factors. The effect of the
bootstrap current, which reduces the magnetic shear in the steep pressure gradient region at the edge
of the H-mode plasma, is included in the determination of the magnetic shear. Approaches for
calculating the magnetic shear, combined with proposed models for the pedestal width, are used to
determine the pedestal temperature. The computed pedestal temperatures are compared with more
than 500 measured pedestal temperatures for type 1 ELMy H-mode discharges in four tokamaks.
Some of the uncertainties in these results are discussed, and directions for future work to improve
edge pedestal scalings are described2@2 American Institute of Physics.
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I. INTRODUCTION «(ps/R)?® and A/R= B3? (where B, is the plasma pressure
normalized by the poloidal magnetic presguiaut later ex-
Energy confinement in the high-confinemeéht-mode  periments with a pumped divertor were able to reduce the
regir:netof toretlrr]naks(;s Sttr?rt]r?h: ?epend(?r:';]on Ejhe terfn:f_)lera'“ér@orrelation between density and plasma current and sup-
at the top of the pedestal that forms at the edge of H-mo - - 12 7 -
plasmas.p The H-?node temperature and dens?ty pedestal ﬁorted a pedestz_;\I V.wdth scalin§/R><,".  The anal¥5|s
ffom DIII-D also indicates that the second-stable regime of

produced by a transport barrier characterized by a narro%e ballooning modes can be accessed because of the reduc-
sharply defined region of steep temperature and density gra-

dients. This pedestal is located near the last closed magnetti'(g’n in the magnetic shear caused by the bootstrap current,

flux surface and typically extends over with a width of lessWNich dominates in the pedestal regibhAlso, Sugihara has
than 5%—10% of the plasma minor radius. Since the heigrﬁuggested that the bootstrap current may affect scaling of the
of the pedestal strongly influences the plasma performance ipedestal pressure in the first stability regfolm our paper,
the H-mode operation, it is important to understand the physthe effect of the bootstrap current on the magnetic shear and
ics that governs the H-mode pedestal. Moreover, the tenthe proximity of the separatrix are considered for six pedestal
perature at the top of the pedestal is one of the boundarywidth models that are theory-motivated.
conditions required in integrated predictive tokamak trans-  An expression for the H-mode pedestal temperature is
port modeling simulations. developed in Sec. Il. In Sec. IlI, the experimental data used
Previous experimental studies of pedestal scalings havigy this study are discussed. In Sec. IV, six pedestal width
found a range of results for the pedestal height and width iRscalings are used to develop expressions for the temperature
various tokamaks. Some studies have found a scaling consigt the top of pedestal. In Sec. V, there is a description of the
tent with a pedestal width that is linearly proportional to the 64 ysed to determine the maximum normalized pressure
gyrojradlu.é. combined W'.th a simple expression for the gradient from the ballooning mode limit. The effect of the
gradient limited by ballooning moddseglecting the boot- . L
strap and separatrix effects discussed below in Seg. IV bootstrap 9urrent on magnetic shear is mcluded._ In Sec. VI,
the predictions of the pedestal temperature resulting from the

Some earlier work from the Joint European TofJET) re- .
ported a weaker scaling for the inferred pedestal width—withused of these models are compared with pedestal temperature

the pedestal widtha, scaling as\ <R(p,/R)”, with v in the data. A simple statistical analysis is used to characterize the
range of 1/2 to 2/8,whereR is the plasma major radius and adreement of the predictions of each model with experimen-
py is the poloidal ion gyro-radius. Note, the notation andtal data. The uncertainty of the results is discussed and a
units used in this paper are described in Table I. Some earlyuggestion is made for a new experiment that might help to
papers from the Doublet I1I-D Tokama®Ill-D ) team indi-  refine the pedestal model. In Sec. VII, conclusions are pre-
cated that it was hard to distinguish betweeXsYR  sented.

1070-664X/2002/9(12)/5018/13/$19.00 5018 © 2002 American Institute of Physics

Downloaded 19 Nov 2002 to 128.180.23.74. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 9, No. 12, December 2002 Models for the pedestal temperature at the edge . . . 5019

TABLE I. Notation used in this paper.

a m plasma minor radiughalf-width)
r m flux surface minor radiughalf-width)
R m major radius to geometric
center of each flux surface
K plasma elongation
S plasma triangularity
Br Tesla vacuum toroidal magnetic field at R
Iy MA toroidal plasma current
Nped m—3 pedestal density
Nar m-3 Greenwald density limifl/wa210?]
E, V/m radial electric field
Tped keV pedestal temperature
Ay AMU average hydrogenic mass
k JIK Boltzmann constant
Mo Hm™?! permeability of free space
Cs m/s sound speef( kT, /m;)*?]
Wi 1/s ion gyro-frequencyeB;/m;]
p m ion gyro-radius[4.57x 10 2 /A, T[keV]/B]
Py m poloidal ion gyro-radius
By normalized poloidal pressure
(By) average poloidal field around flux surface fol ,/(7a(1+ «)))
Zes measure of the impurity concentration
Ve s electron collision frequency1.09x 10*°T%%/(zZnIn A)]™*
Vi 1/s ion collision frequency 6.6x 10" VALT3%(Z2nIn A)]~*
wp; 1/s trapped particle bounce frequeriey’¥(T; /m;)*4Rdq]
Il. H-MODE PEDESTAL TEMPERATURE top of the pedestak is the Boltzmann’s constant, ardis

o o the pedestal width. Rewriting Eq1), one can obtain the
The pedestal region is illustrated in Fig. 1. If the pressurg,gjue of T

gradient @gp/dr) within the pedestal region is constant, the ped
pressure at the top of pedestal,{y) is 1 ap
ap Thed= 2knpedAE ’ @
ppedzznpeok-rped:A(?_ra 1

) given the value of the pressure gradient in the pedestal re-
wherenpeq and Tpeq are the density and temperature at thegion and the width of the pedestal regigiihe pedestal den-
sity is obtained from experimental data, in this studyhe
focus of this paper is to examine models for estimating the
pedestal pressure gradient and pedestal width. These models

are evaluated by comparing the resulting predictionsT{gg
with corresponding experimental data.
In determining the pressure gradient inside the pedestal
region for the type 1 ELMy H-mode discharg¥sit is as-
ped sumed that the pressure gradient is limited by the ballooning
° mode instability. Recognizing that the pressure gradient in
5 the pedestal region may depend on parameters such as mag-
1] . . . .
@ netic shear §), elongation(k), and triangularity(8), we de-
o fine the maximum normalized pressure gradient that is the
CORE PEDESTAL critical pressure gradienty;, as
21oRef [ 9p
ac=— 27— | o] =as,k,0). ()
BT ar /.
7 S
The temperature at the top of pedestal can then be computed
Minor Radius in terms of a; using the equation
FIG. 1. Plot for the pressure profile near the edge of the H-mode plasmas. A a Bz
The H-mode edge pedestal is a region of steep gradient at the edge of T —__— C—T_ (4)
plasma. ped™ oK Nped 210R q2
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If the maximum normalized pressure gradient, and the whereN is total number of data points, aﬁ'dEXH and Texq
pedestal widthA, are determined, Eq4) can be used to are thejth experimental and model results for the tempera-
obtain the temperature at the top of the pedestal. ture.

In this paper, the time-dependent effects of edge local-
ized modes(ELMs) are not considered. Consequently, the
evaluation of the pedestal temperature is taken to be the terhy- SCALING OF PEDESTAL WIDTH

perature prior to the occurrence of each I_ELM. The plasma |n this paper, six theory motivated models for the ped-
ions are assumed to be primarily hydrogenic. The only effeckstal width are applied in determining the pedestal tempera-

of the impurity concentration is through the calculation of tyres that are compared with experimental data.
the plasma collisionality, which affects the bootstrap current.

Also, it is assumed that the electron and ion temperatures a
equal.

In general, the pedestal density is more constrained than The basic assumption of this model is that the transport
the pedestal temperature. That is, the density profile betwedrarrier is formed in the region where the turbulence growth
the pedestal and the magnetic axis is usually rather flat imate is balanced by a stabiliziri§, X B shearing rate. In the
H-mode discharges, so that the pedestal density is a largeedestal of a well developed H-mode, it is assumed that the
fraction of the line average density. Hence, the focus of thigadial electric fieldE,, is produced by the pressure gradient,
paper is on developing a model for the pedestal temperaturgp/Jr, so that
rather than for the density. Measured values of the pedestal

: . ap
density are used in Ed4). neEr:W, (7)

Width scaling 1—based on magnetic and flow
shear stabilization

wheren is the plasma density arelis the electron charge.
IIl. EXPERIMENTAL DATA This results in thee, X B drift velocity given by
The experimental data used in this study are taken from VE wp= E = L &_p ~ L B% p_CS’ (8)
the International Pedestal Databds&he International Ped- " Br neBrdr neBrA A
estal Database currently contains data from five tokamaksyherep is the ion gyro radius and; is the ion sound veloc-
the Alcator C-Mod tokamakC-Mod),** the Axially Symmet- ity The resulting shearing ratee ., is
ric Divertor Experiment(ASDEX-U),™® DIII-D,** the Joint '

European Torus tokamakIET),® and the upgraded Japan JVExB  pCq

Atomic Energy Research Institute Tokamak-GI-60U).° YEXBT T g T AZ ©

In this study, we use data from the current public version of ) o

the INTERNATIONAL PEDESTAL DATABASE (version 3.}, for In this model, it is assumed that the turbulence that

type 1 ELMy H-mode discharges. As a result, 533 datadrives transport with gyrq—Bohm scaling is _stabilizgd by the

points are used in this study—367 JT-60U, 105 ASDEX-U,_m_""gnet'C and flow shear in the pedestal re&dmpartmglar, .

56 JET, and 5 DIII-D. Different approaches are used to idenit iS assumed that the maximum growth rate, for the instabil-

tify the location of the top of pedestal in each machine. Foflly @ssociated with this drift wave turbulence, scales as

the ASDEX-U discharges, the top of pedestal is defined as ce 1

located a distance of 2 cm away from the separatrix. Atanh  Ymax* A2 (10

fit method is used to locate the top of the pedestal in the

DIII-D discharges while a linear fit method is applied for the wheres is the magnetic shear. The turbulence is suppressed

JET discharges. For the JT-60U discharges, the location ofhen theE, X B shearing rate is equal to or larger than the

the top of the pedestal is defined as located at the 95% flugpaximum growth rate

surface. When the experimental ion pedestal temperatures

(Tiped are available, they are used to calibrate the models.

When ion temperatures are not available, the experimentdy equating Eqs(9) and (10) (using a constant of propor-

electron temperaturesT{ . are used. tionality, C,), the scaling of the pedestal width is found to be
To quantify the comparison between the predictions of

YE x B= Ymax- (11

each modelland experimental data, the root mean-square er- A =C,ps?=C,| 4.57x 1073_‘AHTPed 2, (12)
ror (RMSE) is computed. The RMSE is defined as Br
1 N where A, is the average hydrogenic mass. By using this
RMSE %)= mz (m(Texq)_'”(Tmoq))z scaling for the pedestal width in E®), the temperature at
=1 the top of pedestal can be obtained from
%100, (5 ) 457x10°°3 2/B2\ (A,
Tped=C1 —16 p Ry
and the offset, as pe 4u0(1.6022<10 %/ 1 g*/| R
10 ac\?,
Offselzﬁz (IN(Texp) = IN(Trnog ), (6) x| =] s, (13
=1 pe
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whereC; is the constant of proportionality in E¢L2). The By using Egs.(4) and (18), the temperature at the top of
constantC; is chosen so as to optimize the agreement bepedestal can be calculated from the nonlinear equéatidtin
tween the measured valuesfqy and the model results for T.qappearing explicitly on the left side and implicitly on the
Tped Dy minimizing the RMSE. Equatiofil3) containsT,eq  right side

on both the left and right sides and is nonlineailjjq since

g, a., ands are functions of position in the pedestal and, as T -3
a result, nonlinear functions af,e4. An iterative procedure ped— 3
is used in this paper to determine the temperature at the top

of the pedestal. %

( (4.57x107%)3 )3/2( B%) (E)

4u(1.6022<10° ) |3/ R

@ 3/2
—Cd) ) . (19

Npe

B. Width scaling 2—based on flow shear stabilization D. Width scaling 4—based on neutral penetration

In this model, theE, X B suppression of long wavelength
modes is assumed to be the relevant factor in establishing tl'lgy
edge transport barrier. The local growth of the long wave

Neutral particles, which usually come from the scrape of
er region, are believed to affect the dynamics of the
. 'H-mode, especially the formation of the H-mode pedestal.
Igngth modes yiocal, can be estimated by sound speed, The neutrals can penetrate inside separatrix and affect the
divided by the connection length between the bad curvaturg, - oqe by modifying the particle, momentum, and energy
region, the destabilizing curvature region on the outer side OE)aIance of the main plasma. Penétration of néutral particles
the torus, and the good curvature region, the stabilizing CUlio plasma core is mainly controlled by the charge-exchange
vature region on Fhe inner side OT th? torus, in the pedest ollisions with main ions and ionization of neutrals by a
region. The resulting growth rate is given by nonelastic collisions with electrons. Since the charge-

Cs exchange is a random-walk process, and the charge-
Viocal™ q_R (14) exchange rate is usually much larger than the ionization rate,
) ) ) ) ~ the migration of neutrals from outside plasmas can be con-
whereR is the major radius and is the safety factor. Itis gjgered as the diffusion process, with a random walk of step
assumed that the turbulence is suppressed whelk & size Aey=vi/ni{oe;) and frequency of stepsvey
shearing rate is larger than the local growth rate, that is when. ni(oe0i), Whereo, is the charge exchange cross section.
Y& %8> Viocal- (15) The resulting diffusion coefficient from the charge exchange

is
With the use of Eqs(9), (14), and(15), the following result
for the pedestal width is obtained 2
D~Ngyvex™

A=C,VpRaq. (16) Ni{oexvi)

By combining Eqgs(4) and(16), the temperature at the top of The diffusion equation for the steady-state neutral density,
the pedestal can be obtained from the nonlinear equatiol: With the effect of ionization included can be written as

of

(20

(which again contain3 ,eq on both left and right sides 52

/3< (457<10°3)12 |43 B |2 D — 7 =NN(Tionve), (21

ot | rsommio] o) -
ped— “~2 16
A110(1.6022< 10" q wherev .= y2kT./m, is the electron thermal velocity. The
VAL a, \ 4B equations above can lead to the estimation of the penetration
R n_a) : (17 length as
pe
whereC, is the constant of proportionality in E¢L6). viz
N <0'cxvi><0'ionve>

C. Width scaling 3—based on diamagnetic In this model, the width of the barrier is assumed to be
stabilization the length that neutral particles penetrate into the plasma. For

For this model, the ideal ballooning mode growth rate isSimplicity, it is assumed that pressure at the top of the barrier
approximated by y,~[2c3/(L,R)]¥2 where L, isconstant, which results s VTiec\1in;, and(o;) and
=—p/(dp/dr) is the pressure gradient scale lentfttit is  (Tionve) are independent of pedestal temperature. The re-
assumed that the pedestal widM,is approximately equal to sulting width of the pedestal scales inversely proportional to
V,i!y, whereV,, the ion diamagnetic velocity, equals the pedestal density, that is
pzwci/Lpi. It is also assumed that the ion pressure gradient

7
scale lengthL ,;, and total pressure gradient scale length, A:C41%L;i, (23)
L,, are both approximately equal to the width of the pedes- Nped

tal, L,~Lp~A. It then follows that the pedestal width

scales as wherenpe=n; is the pedestal density. By using E¢) and

(23), the temperature at the top of pedestal is obtained from
A=C5p? RS, (18)  the nonlinear equation
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( 1107 )(5)2(3)(ad)) a( K05, 305,)
4po(1.6022¢10 9/ g | |R @3(2'4) (14 k(14 283 1.2639)](1.17- 0.65¢)

2(1—€°)? ’

which is similar to Uckan’s approximate fit to numerical
equilibriat® expressing the safety factogs in terms of the
E. Width scaling 5—based on ion orbit loss magnetic field, plasma current, and shaping effects such as
elongation kgs, triangularity dg5 (assumed to be approxi-
mately 0.85 times the value of triangularity at the separatrix
and aspect ratie=alr.

Tped: Cs

(31
whereT .4 appears implicitly on the right side.

In Shaing’s modéf based on ion orbit loss, the pre-
dicted width of the pedestal is

Ao el (25
Sorbit
wherep, is the ion poloidal gyro radius ans; is a term V. SCALING OF MAXIMUM NORMALIZED PRESSURE
. . . .GRADIENT
due to squeezing of the banana orbits by the radial electric

field. If it is assumed that, i is constant, then the scaling of  The pressure gradient in the pedestal region is assumed,
the pedestal width is in this paper, to be limited by high-ballooning mode® in
A:CS\/;pﬁCSE—llqu/K%, (26) the short to_roid_al wavelength Iimit._ Ballooning _stability is
usually studied in terms of the— « diagram. At high mag-

wheree is the aspect ratica/R and wherexgs is elongation  netic shear, the first stability boundary in the large aspect-
at the 95% flux surface and is taken to be 0.914 times the thgytio circular limit is given by

value of the elongation at the separatrix. By using Hds.

and (26), the temperature at the top of pedestal is obtained a;~0.8s, (32
iteratively from the nonlinear equation where ag&jnqap-  where the magnetic shearss-(r/q)dq/Jr. There are lim-
pears both on the left side and implicitly on the right side jted analytic and numerical studies of global beta limits for
noncircular plasmas. It is these studies that yield a plasma

T cz(( (45741075 )2<BT)Z( i hape depend £, such as th d f
ped— C5 —16 — | | —=Zz=5 shape dependence af., such as those used in Ref. 21. To
410(1.6022¢10°7) d KgsaR roughly approximate the effect of plasma shape, one might
a. \? modify the local ballooning limit to include a shaping factor,
Cc
X|—] . (27)  for example,

pel

whereCs is the constant of proportionality in E¢R6). ac=0.8sfs(«x,5,€). (33)

One possible approximation for the shaping factor is to as-

sume thatfs is given by the expression fay in Eq. (31).

The form forgg is suggested by the Troyon beta limit, which

is based on numerical studies of a range of tokamak equilib-

In this model, the scaling of pedestal width is based on aia. In those studies, averages are taken over all flux surfaces,

F. Width scaling 6—based on normalized poloidal
pressure

model proposed by Osborde: many of which have limited dependence on triangularity.

A gnookT The local pressure gradient limit is likely to be more strongly

A=Cs\B, R=CgA /Mzﬂ , (28)  dependent on triangularity than that of the shaping factor in
(Boy) the global average pressure limif, in Eq. (31). There is

where g, is the normalized poloidal pressure afRl,) is the ~ empirical evidence for this in studies of the well-known fa-
average poloidal field around the flux surface. By using Eqsvorable effects of high triangularity on confinement in toka-
(4) and (28), the temperature at the top of pedestal can bénaks such as JT-60 and DIII-D. For example, a rough fit to

obtained from the nonlinear equation the measurements in Refs. 3 and 4 suggests the dependence
5 o) 2 of a. on triangularity could be as strong as.x(1
T —c2 ( 1 )(BT E (ﬁd) +106?). In this paper, we will use a slightly more conser-
ped™ 6| | 4,,,(1.6022< 10 19) EZ al \Npe vative scaling for the plasma shape dependence, namely,
2 2 2
X(w) ) 29 a—0g i Kelt5%s (34
50s 2
whereCg is the constant of proportionality in E¢28) and The effect of bootstrap current on ballooning stability is
dos, the safety factor at the 95% flux surface, with geometri-also include in this study. The bootstrap current, which is
cal effects included, is defined by driven by the strong pressure gradient in the pedestal region,
5a2B; reduces the magnetic shear in that region. The magnetic
Oos=— 5 9s(Kg5, g5, €), (300  shear at the edge of the plasma, when the effect of the boot-
Hol pR strap current is included, can be approximated to first order,
and where the geometrical factay,, is taken to be by
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where the multiplieCy ¢ has a default value of 1 (@his value
, (35 will be varied later to study uncertainties in the bootstrap

P current effect and
wheres; is the value of magnetic shear in the absence of the b
4

bootstrap currentThe value ofs, can be determined follow- b+ b % L4
ing one of the several approaches described bglas.de- 1772t 2 "2

scribed in Ref. 20, the bootstrap current can be approximated b(vy €)=  2vawD

in terms of temperature and pressure gradients with respect

to the poloidal flux,¥, and in terms of the trapped particle The safety factor, can be approximated for circular plasma

’7Tr2jb
I

swso( 1-

fraction (= 2e=2a/R) by as
_ PeRBryv2e( 1dp, 1 dp _ . _aBr_ aBy
<]b' BT> = T 1@ d_\lf + bZE d_\I’ a~circula= RB, :U~0_| ; . (38)
2ma

1dT,  1dT
+b3-|-—e av TP Gw ) (360) By using Egs.(3), (35), (37), and(38), the magnetic shear,

including the effect of bootstrap current, can be written

where
Cpdb(vy
- 4.0+2.6\2¢ s=so( 1- %) (39)
1 (1.0+1.0295+1.07, ) (1.0+ 1.07e*%, )’ Ve
The solution of Eqs(34) and (39) yields the following re-

b, Lbl sults for the maximum normalized pressure gradieqt,

T ’

¢ e 0.450(1+ k25(1+5582))hg o)
7.0+6.5y2 A= J

by= - € - ¢ 0.15,Cpsb( vy ,€)(1+ k25(1+58%))

(1.0+0.57v,2+ 0.6y, )(1.0+ 0.61e v, ) + Ie

€
- gbb and for the magnetic sheas,
So
—1.17(1+0.46\2¢) +0.35%7 s= 5 ;- (42)
0.15,Cpb(v, ,€)(1+ kg(1+ 56
b4 10—}—0701/2'5 + 0“~bs ( * )\(/— 95( 95))
€
+2.1002 € s ! >—=-by, Note that the coefficiertig in Eq. (40) is an empirical factor
(1.0+v5€°)(1.0+ vy c€”) that has been included to explore possible additional depen-

_ dence on the plasma shape. For most modelss set to be
D=24+54/2¢+5.2, 1.0, except in Table V where the effect of the addition shap-
andw, ; is the normalized collisionality of the particle type  ing h is explored.
The quantityv, ; is defined as There remains the issue of the determinationsgf
There is the suggestion that the global magnetic shear and
__ U , the safety factor may be functions of distance from the
€Wy separatriX. Note that the safety factog, has a logarithmic

where »; is the collision frequency aney,; is the trapped singularity near the separatrix, and both the magnetic shear

partide bounce frequency of partide tyﬂ)e as defined in and the Safety factor are actually infinite at the Separatrix. A
Table I. prescription to address this issue has been proposed by

With the assumptions that;~T, and n;~n,, that the Sugihara His prescription is to evaluate the magnetic shear
density scale length in the pedestal region is the same as tf@@d the safety factor, needed for ballooning stability, at one
temperature scale length, and that the bootstrap current Redestal width away the separatrix. Using this approach, we
nearly in the toroidal direction, Eq36) can be simplified  approximate the safety factor near the separatrix by this ex-

V*j

pression
. Ry2e o i, Do, Da)dp
= op | P T S q(x)= e
The poloidal flux can be approximated 1+(1'—45) ) +0.267In(1—-0.95)|
so that the bootstrap current can be further simplified to X1 1+ 1—4) ) +0.267In(1—x)| |, (42)
i=Cpb(v, ,€) E @ 37) wherex is the normalized coordinate evaluated one pedestal
16=%psd Ve €\ B gy width from the separatrix
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TABLE II. Coefficient and RMSE of the models using Sugihara’s shear 10.0 T
prescription for type 1 ELMy H-mode discharges.
OASDEX-U
Model Width scaling Cu RMSE%) oDHI-D )
OJET
la AOCpSZ 2.42 32.0 AJT-60U o %
2a A«\pRG 0.22 30.8 o %M
3a Ao p?RRI3 1.32 33.7 -
4a A= 1/n¥2, 2.60 53.4 2
5a A2y 2.57 34.4 & 10 9
4 [ A
6a AxJBR 0.021 329 - o o
9 0
A 0
X=1——, (43 0
a 01 :
_ 0.1 10 100
andqgs, the safety factor at the 95% flux surface, with geo- Tooa (keV)

metrical effects included Finally, s, is determined from
FIG. 2. Plot for the pedestal temperature predicted by ModelAlaps?)
compared with experimental data from 533 data points. Each tokamak is

X dq
=77 (44) indicated by a different symbol.

So=—= ]
07 q ox

whereq is given by Eq(42). Since the width of the pedestal

involves ballooning stability, this leads to nonlinear equa-son between the temperature predicted by these six models

tions for the pedestal temperature that are solved iterativelyand experimental data, Figs. 2—7, except for the neutral pen-
While this might appear to address the issue of how tcetration, Fig. 5, which has a worse fit.

computesy, the theoretical basis for utilizing global mag- It is worth noting that when Sugihara’s shear prescrip-

netic shear is uncertain. This uncertainty is because ongon is used to calculate magnetic shear and safety factor for

might think that ballooning modes, which are localized in thethe ballooning instability, Eqs(13), (17), (19), (24), (27),

bad curvature region, might be controlled by the local mag-and(29), used to produce the results in Figs. 2—7, are non-

netic shear, which is proportional tB,/Jr, and the local linear equations. Sugihara’s shear prescription is to calculate

pitch of the magnetic field3,/B+. These quantities are per- the magnetic shear and the safety factor at a distance of one

fectly finite and continuous across the separatrix in the bagedestal width away from separatrix. This leads to a nonlin-

curvature region even though the flux surface quantities oéar feedback mechanism which reduces the sensitivity of the

the magnetic shear and the safety factor, which have nonlgredicted pedestal temperature to the assumed scaling of the

cal definitions, have singularities there. This has been denpedestal width, since a narrower pedestal width will produce

onstrated for ballooning modes in model separatrixa higher magnetic shear and, thus, a steeper pressure gradi-

equilibria®? As a result, we also consider models in which ent. In addition, the magnetic shear, is modified by the

the pedestal temperature is evaluated using the value of cobeotstrap current, which depends on collisionality, which is a

stant magnetic shears{=2) and the value of the safety

factor at the 95% flux surface|& qq5) as representative val-

ues of the local magnetic pitch and local shear in the bad 100 '
curvature region. o ASDEX A
oDIi-D 4
OJET o
VI. DISCUSSION il IRV
A. Results - 8 A
S <
Table Il summarizes the RMSEEQ. (5)] that results é's’, 101 A
when the set of six pedestal width models along with the '_2 B A
Sugihara prescription for the edge magnetic sheaand the ©
safety factorg (that is computed a pedestal width away from ¥ 0
the separatrixare compared with the full databaéal 533 ]
data points with type 1 ELMs The RMS errors in Table Il 800
range from 30.8% to 53.4%. The model in which the pedes- o
tal width is based on the flow shear stabilizatidtodel 23 0.1 .
yields the lowest RMSE and the model in which the pedestal 01 I SRZV) 100
mod

width is based on the neutral penetratidiodel 49 yields
the highest RMSE. It is difficult to see a noticeable differ- rig. 3. Plot for the pedestal temperature predicted by Model 2a (
ence between the models in the plots that show the compari-\pRq) compared with experimental data from 533 data points.
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FIG. 4. Plot for the pedestal temperature predicted by Model 8a ( FIG. 6. Plot for the pedestal temperature predicted by Model &a (

= p?PRY3) compared with experimental data from 533 data points. xe'?p,;) compared with experimental data from 533 data points.

function ofnyegandTpeq. Consequently, as noted in Sec. 1V, =dgs and a fixed edge magnetic shesar 2 (which is the
Egs. (13), (17), (19), (24), (27), and (29), combined with magnetic shear for a cylindrical plasma with a circular cross
Sugihara’s shear prescription are nonlinear equations, witfection. The RMSEs range from 34.6% to 85.1%. When this
Tped @ppearing on both the left and right sides of the equasimplest magnetic shear model is used, the RMSEs for five
tion. of the models are significantly higher than wteplands are
There are theoretical uncertainties about how much théalculated as a function of the pedestal width using Sugi-
radial variation in the global magnetic shear really impacthara’s prescription. However, for Model 2b, the RMSE is
ballooning mode$? These uncertainties arise because theonly moderately higher. This suggests that a more sophisti-
ballooning modes can localize in the bad curvature regiogated approach than simply settigg=qgs and using fixed
where the local magnetic shear remains finite even thoughalue ofs is required.
the global magnetic shear is infinite at the separatrix. Table We also consider an approach in which the singular na-
Il summarizes the RMSE of the set of six pedestal widthture of the global magnetic shear in the proximity of the
models are used with the simplest prescription of the safetgeparatrix is ignored, but the effects of edge bootstrap current
factor and the magnetic shear, as prescription in which thére included, since the edge bootstrap current can lower the
effects of the bootstrap current and the proximity of the sepaedge magnetic shear. With this approach, we use a value of
ratrix are neglected. For the results shown in Table IlI, thdocal magnetic sheagy,=2, in Egs.(40) and(41), to com-
ballooning stability in the pedestal region is evaluated usingoute a. and useq=dgs. The RMSE results, which vary

10.0 ; 10 .
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FIG. 5. Plot for the pedestal temperature predicted by Model 4a ( FIG. 7. Plot for the pedestal temperature predicted by Model &a (
«\/B,R) compared with experimental data from 533 data points.

o« 1/n¥Z) compared with experimental data from 533 data points.
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TABLE lll. Coefficient and RMSE of the models usisg-2 andg= qgs for TABLE 1V. Coefficient and RMSE of the models using magnetic shear
type 1 ELMy H-mode discharges. modified with bootstrap currents{=2) and q=qqs for type 1 ELMy
H-mode discharges.

Model Width scaling Cw RMSE%)
Model Width scaling Cy RMSE%)
1b Axps? 3.98 52.0
2b Ax\pRq 0.26 34.6 1c Aocps? 5.16 43.3
3b Ao 2R3 1.60 40.2 2¢ A= \pRq 0.29 33.0
4ab Ao 1/n3% 4.40 85.1 3c Ao p?PR13 1.74 37.6
5h Acxce?p, 3.20 61.6 4c Ao 1/n32, 4.80 80.7
6b Ax\B,R 0.025 49.3 5¢c Aocet?p, 3.50 55.8
6¢c Acc\BR 0.032 35.9

between 33.0% and 80.7% using this approach, are shown in
Table IV. While this approach vyields lower values for the empirical shaping effects are also investigated by modifying
RMSE than the results obtained with constant magnetit¢he factorhg, given in Eq.(40), from the normal value of
shear(with no bootstrap current effecgiven in Table 1ll, hg=1.0. The variation ofhg results in lower values of
these results do not agree as well with the experimental me&®MSE, as shown in Table V. Thus, it is shown in Table V
surements as those given in Table I, where the bootstrafhat models with empirically determined enhancements of
current and the Sugihara prescription are used. Note that Eqghe bootstrap current and shaping effects, but without the
(13), (17), (19), (24), (27), and (29) for Tyeq are nonlinear  Sugihara prescription for the effect of the separatrix on mag-
when the effect of the bootstrap current is included evemetic shear, can produce RMS errors as low as the baseline
when the constarg, is used. models with the Sugihara prescription, which were shown in
The results for the pedestal temperature using the SugifFable II.
hara’'s shear prescription yields significantly lower RMSE In the derivation of the models that yield the pedestal
when compared with experimental data, but further work issemperature, it is assumed that plasma is in the first stability
required to understand the theoretical basis for this prescripegime, where the critical pressure gradient is approximately
tion. For reasons described above, the ballooning stabilityinearly proportional to magnetic shear. A reduction in the
might be influenced by the fact that the global magneticmagnetic shear will produce a reduction in the normalized
shear is infinite at the separatrix. It may be that there ar@ressure gradient. . If the bootstrap current is high enough,
other factors besides global magnetic shear, such as accessaiad the resulting magnetic shear is low enough, the plasma
the second stability regime, that are also correlated with dismight gain access to the second-stability regfhend under
tance to separatrix, which could improve the agreement witlhese circumstances the effects of peeling modes and flinite
data. A more detailed numerical study to parameterize théallooning modes need to be includ@dAlthough there is
dependence of ballooning stability on various edge paramempirical evidence for the importance of the effect of plasma
eters(including plasma shape and distance to the separatrixshape on local ballooning limits, as described in Sec. V, there
would be of interest. remains uncertainty about the exact strength and functional
There are some simplifications in the model used for thdorm of the effects of plasma shape on the ballooning limit.
bootstrap current. For example, circular geometry was as-or example, it is not known if elongation and triangularity
sumed. Moreover the impact of the bootstrap current on balimpact stability directly or if their impact is produced
looning stability may be more complex than the treatmenthrough other effects that are correlated with these param-
described in Sec. V. In order to test the effect of these uncereters. A numerical study to parameterize ballooning stability
tainties, the multiplielC, that appears in the expression for in terms of a few geometrical parameters would be useful.
the bootstrap current, which is used in E&7), (39)—(41), Since large numbers of data points are used in this paper
is varied from its normal value of 1.0. To simplify this analy- from JT-60U and ASDEX-U, the coefficient in the expres-
sis, only three models are considered, Model 1c, Model 2sion for the pedestal width chosen to optimize the RMSE
and Model 3c in Table IV, using magnetic shear modifieddeviation in each of the models will be biased towards opti-
with bootstrap currentfy=2) andq=qg;s (i.€., not using the mizing the JT-60U and ASDEX-U data. This might explain
Sugihara prescription fos andq). The results are summa- why all of the models tend to produce better agreement with
rized in Table V. The best fit to the data is produced when thehe JT-60U and ASDEX-U data than with the DIII-D and
value ofC,,=1.5 is used in Model 1c, in which the pedestal JET data. If a fit were carried out with equal weighting for a
width is based on the magnetic and flow shear stabilizationset of data points from each tokamak, it would result in a
the value ofCps=2.8 is used in Model 2c, in which the model in which the DIII-D and JET data points would lie just
pedestal width is based on the flow shear stabilization, or thabove the diagonal line and the JT-60U and ASDEX-U data
value C,s=4.1 is used in Model 3c, in which the pedestal points would lie just below the diagonal line. In the other
width is based on the diamagnetic stabilization. It should bevords, if the model were calibrated using an equal weight for
noted that the RMSE values have relatively broad minimaach data set, the RMS errors for the JT-60U and ASDEX-U
(probably due to the self-limiting nonlinear feedback mecha-data would increase while the RMS errors for the DIII-D and
nisms from the bootstrap current in each modatditional  JET data would decrease.
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TABLE V. Effect on models 1c, 2c¢, and 3c of varying the strength of bootstrap current and additional shaping
factor, usingsy=2 andq=qgs for type 1 ELMy H-mode discharges.

Bootstrap Additional
multiplier shaping
Model Width scaling Chs factor hg RMSE%)
1c Axps? 0.0 1 52.0
1.0 1 43.3
15 1 42.7
15 V(1+ K925(1+ 55925)) 42.4
15 V(1 + K21+ 105%)) 41.2
15 J(A+ K241+ 208%)) 41.4
2¢c Ax\pRq 0.0 1 34.6
1.0 1 33.0
2.8 1 32.3
2.8 V(1+ k2(1+553)) 31.1
2.8 V(14 k3(1+106%)) 305
2.8 V(1 + K241+ 205%)) 31.6
3c Accp23R13 0.0 1 40.2
1.0 1 37.6
4.1 1 35.6
41 A+ K241+ 56829) 34.8
4.1 V(L+ K241+ 1063)) 33.8
41 V(14 k3(1+205%)) 34.0

Itis clear in Figs. 2—7 that the DIII-D data points always B. Statistical uncertainties
lie farther above the diagonal line than the ASDEX-U data
points. This deviation was also observed in the work by
Hatae! which was carried out using a less complex pedest

There are standard statistical methods for determining
hether or not the difference between the RMS errors of two
. e ' odels is statistically significant. These tests are based on
model. This deviation shows that the models in our PaPeleartain assumptions about errors being random and uncorre-

which include the eﬁect of the _bootstrap current and thelated. For example, expressing Fisherstransformation
effect of the separatrix on magnetic shear, do not improve thf!eslzs (used for linear regressipin terms of the RMSE in-

conms;gngy petyveenf tlSITI DDHfI'D a;gé\g(j EX(;U datg.hng— stead of the correlation coefficient, one can show that two
ever, t IS deviation o -D from o ata mig t € models are statistically different at the 95% confidence level
explained by access to the second stability regime in th% the ratio of their RMS errors, RMSERMSE;, exceeds

DIlI-D plasmas, while the ASDEX-U plasmas are primarily ; -
. . . . . approximately exp(2/N), for a sufficiently large number of
confined to the first regime of ballooning mode stability, as : o
t tsN. Thus f thiN= I I
noted by Hataé! The model developed by Hatae and thedaa pointsN. Thus for our case wittN=533, all models

models in our paper all assume that the pressure gradient is

restricted to the first stability regime. 10.0 , . l
It can also be seen in Figs. 2—7 that the JET data points O ASDEX

appear to follow a different trend from the ASDEX-U and ODII-D

JT-60U data points. This deviation was not present in Hatae’s OJET 08

results™ Hatae found that the JET data points lie roughly AJT-60U & &

along a line parallel to the diagonal line and his model un-
derpredicts the JET pedestal pressure. In contrast our models,
which also tend to underpredict the JET pedestal pressure,
yield a greater underprediction for discharges with higher
pedestal pressure. In Hatae's model, the magnetic shear was
taken to be constant, since the magnetic shear was not avail-
able for all of the data. The constancy of the magnetic shear
in Hatae’s model is likely to affect the predictions of the
pedestal parameters in the JET discharges. A possible expla-
nation for the underprediction of the JET pedestal tempera- ‘ a .
ture is that the JET plasmas might enter the second stability 0ty 15 2 25 3
regime, while the ASDEX-U and JT-60U plasmas generally 0.5(14x,, (1455,,))

remain in the first stability regime. This idea is supported byFIG. 8. Plot for the ratio of the experimental temperature to the predicted
f[he fact that th_e JET data are influenced by a stronger Sha?émperature from Model 5a, witB,,=2.57 and Sugihara’s shear prescrip-
ing effect than is the case of the JT-60U and ASDEX-U datajon, against the value of 0.5¢1x2(1+552)) for type 1 ELMy H-mode

as can be seen in Fig. 8. data points.

10 |

Tcxprr mod
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TABLE VI. Average offset and RMS error for individual tokamaks compared with Model 1a andistag
Sugihara’s shear prescriptipn

Model 1a Model 2a
Tokamak Average offset RMSE%o) Average offset RMSEn0)
ASDEX-U -0.24 35.0 -0.16 31.0
DII-D 0.32 39.4 0.44 50.5
JET 0.27 48.5 0.37 56.1
JT-60U 0.04 27.7 0.00 24.7

with an RMSE larger than 1.06 times the RMSE of theality, higher shaping, or with a different divertor design
model with the best fit would appear to be excludeel., all  However, it is still useful to re-check the diagnostic methods
of the models in Table Il with an RMSE larger than 32.7% and fitting techniques used to measure the pedestal tempera-
would be excluded If the assumptions that enter into this ture on various tokamaks in order to reduce the possibility of
are correct, then models 3a, 4a, 5a, and 6a in Table Il couldystematic errors. For example, the ASDEX-U pedestal mea-
be excluded while models 1a and 2a would be statisticallysurements in this version of th&TERNATIONAL PEDESTAL
indistinguishable. Furthermore, if this statistical approach iSDATABASE (version 3.1, the latest public versijoare based
correct, it would follow that if these same 4 tokamaks re-on measurements at a fixed distance of 2 cm away from the
peated their existing parameter scans to add ten times agparatrix. This assumption would not be inappropriate if the
much data to the database, we would be able to distinguispedestal width were always less than 2 cm in ASDEX-U.
between models whose RMSE values differed by only a facHowever, models 1a and 2a, for example, predict a pedestal
tor of 1.02. width of approximately 2.0-3.0 cm for ASDEX-U. This is-

A problem with this test may be that the assumption thatsue may be addressed in future versions of the database.
the errors are random and uncorrelated is not valid. It is  Another example of a possible source of correlated er-
probable that there are significant systematic errors of varirors is shown in Fig. 8, Wher&,,/TnodeisaiS plotted as a
ous types. While the true pedestal scaling is governed bfunction of a parameter that measures the strength of the
complicated nonlinear partial differential equations, whichplasma shapingi.e., elongation and triangularityThis fig-
represent the detailed physics of the pedestal, we are considre shows that there is a large scatter in the ratio of
ering only relatively simple models. In addition, there might Te,,/Togeisa  €Specially in highly shaped plasmas. Even
be hidden parameters, not yet incorporated in the modelshough this modelalso other models in this papealready
that vary in unknown but systematic ways. For examplejncludes a geometrical effect, the geometrical dependence of
some of the tokamaks might systematically operate with difthe model still needs to be improved. Figure 8 also shows
ferent values of plasma—wall separation or collisionality orthat the geometrical factor is systematically different in dif-
beam-driven rotation. Various tokamaks use different kindgerent tokamaks, which might produce another source of sys-
of wall conditioning and gas fueling methods, and differenttematic variation between the tokamaks and co-linearity of
divertor designs that can change in a single tokamak fronthe data within each tokamak. It can be seen in Fig. 9 that
year to year. Because of these hidden variables, it is difficulthere is more scatter in the rafiQ,,/Tmogeisa@t high values
to determine objectively the degree of systematic variation irof the ratio of the pedestal density to the Greenwald density.
the data. That is, it is difficult to determine the effective It can also be seen that JT-60U tends to operate in a lower
number of independent uncorrelated measuremexis, ratio of density regime than ASDEX-U, DIII-D and JET.
that one can use to set a threshold for distinguishing between Our work suggests several ways in which additional ex-
the RMS errors produced by the different models. periments would yields data that might help to better distin-

Visually noticeable evidence of correlated errors can beyuish between the pedestal models.
seen in Figs. 2—7, where it is clear that the JET data are
systematically high and have a different trend compared wit
the scaling. Note that there is only a small number of dat
points from DIII-D so that it is difficult to see the trend for The dependence on plasma shape is important, both be-
this tokamak. As shown as an example in Table VI, the JETcause there is evidence of a potentially strong improvement
data have a 27% average off$6t27 on a log scajeabove  at high triangularity and high elongatidrand because the
Model 1a and a 37% average offset above Model 2a, whiclvarious tokamaks tend to operate with systematic differences
were the models shown in Table II. This does not necessarilin shaping(as shown in Fig. B Thus, it would be useful for
mean that the JET diagnostics for measuring pedestal tenall tokamaks to scan as large a range of elongation and tri-
perature have a calibration problem that makes them systenangularity as possible. A related question is whether there are
atically high, or that ASDEX-U has a calibration problem any significant differences between H-mode discharges with
that makes their data systematically low. It very well maya single-null divertor and a double-null divertor.
mean that we have not yet determined the fully correct Current ramps would also be a useful way to alter the
model for the pedestal and that JET tends to operate in adge current density and thus edge ballooning stability. This
different regime(perhaps with higher power, lower collision- would test key features of the pedestal models. Although,

23. Useful future experiments
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10 ' ' ' (out of 533 near the upper end of this range, €.8eq/Ne;
OASDEX- <0.75. There is experimental evidence of degraded perfor-
(D)?é"T'D N mance at high densitythough this can be offset at high
AJT-60U ?éio s & triangularity. It would be useful to know whether the
present pedestal scalings continue to hold at even higher den-

sities.

VIl. CONCLUSIONS

Tee/ T

A range of models are developed for predicting tempera-
ture at the top of the pedestal which occurs at the edge of
H-mode plasma in tokamaks. The results for the pedestal
temperature obtained are compared with 533 experimental
data points with type 1 ELMs in the International Pedestal
Databasé! These models are based on six theory-motivated
0 02 04 06 08 scalings for the width of the pedestal. We have also explored

Mo several approaches to calculate the magnetic shear and the
safety factor, quantities which enter the criteria for the bal-
FIG. 9. Plot for the ratio of the_ experimental temperature to the predi_cteqooning mode stability assumed to yield the critical pressure
temperature from Model 5a, witB,,=2.57 and Sugihara's shear prescrip- gradient In one approach for calculating the magnetic shear
tion against the value of the ratio of the pedestal density to the Greenwal L. . o
densityn,eg/ne, for type 1 ELMy H-mode data points. and safety factpr, a prescription |r_10Iude§ the variation of the
global magnetic shear with radius This prescription, the
Sugihara prescription, yields the best agreement with the
current ramp discharges would not be steady state diglata in the International Pedestal Database. Excluding the
charges, it would probably not require much of a current@destal model based on the width that scales as the neutral
ramp to probe this aspect of the models. Hence, the dig?enetration length, the various models have comparable
charges would be close to steady state, at least on the tinfMSES in the range of 30.8%-34.4%. It is difficult to dis-
scale of the pedestal dynamics. tinguish between a number of the different models, in part

Isotope scans can also help to distinguish between mod2ecause of the co-linearity in the data and because of sys-
els, since isotope scans provide an independent and diretgmatic differences between tokamaks.
way to vary the gyro-radius. Previous studies provide some
evidence of a strong dependence of the H-mode pedestACKNOWLEDGMENTS
height on isotop&.This is consistent with a model where the
pedestal width varies linearly with the gyro-radi(end a
simple expression for the pedestal pressure gradient)limit
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